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ABSTRACT: High-pressure cloud-point data are presented for poly(tetrafluoroethylene-co-19.3 mol %
hexafluoropropylene) (FEP1g) in CF4, CaFs, CsFs, CsFes, CCIF3, CO,, and SFg at 118—250 °C and pressures
as high as 2700 bar. Cloud-point curves for a given solvent virtually superpose for FEP1 concentrations
between 2 and 10 wt %. It is not possible to dissolve FEP9 in CO; at temperatures less than 185 °C due
to strong quadrupolar self-interactions relative to cross-interactions between FEP;5 and CO,. The location
of the cloud-point curves in pressure—temperature space are directly related to the product of the
polarizability and molar density, pia, of the solvent as determined at the cloud-point pressure at a given
temperature. The average of pia; is 5.14 x 1072 mol £7% for the SCF solvents considered in this study
calculated at 200 °C and it is 5.41 x 1072 mol £7% for all of the solvents except CF, and CO; at 170 °C.
This simple correlation provides a means for estimating cloud-point pressures for nonpolar polymers
with nonpolar solvents, or for polar solvents at very high temperatures where polar interactions are
diminished. Using this correlation, it is not possible to predict when crystallization may occur or when
polar interactions will dictate the phase behavior as observed for CO, at temperatures below 185 °C.
With one temperature-independent and one temperature-dependent mixture parameter the Sanchez—
Lacombe equation of state (SLEOS) is capable of modeling the phase behavior of FEP,4 in the solvents
considered in this study except for CO, which required two temperature-dependent parameters. It is
not possible to even qualitatively model the cloud-point behavior if the two mixture parameters are set
to zero. Hence, the utility of the SLEOS is limited since cloud-point data are needed to fix the values
and the temperature dependence of the mixture parameters.

Introduction

Fluoropolymers, and particularly poly(tetrafluoro-
ethylene) (PTFE), have generally been considered re-
sistant to dissolution in most common solvents.! Rela-
tive to their fluorinated analogs, organic solvents
containing hydrogen exhibit lower adsorption on PTFE
films and fluorinated copolymers due to the lack of
favorable interactions between small hydrogen atoms
in the solvent and large, electronegative fluorine atoms
in the polymer.2 Although PTFE is considered in-
soluble, recent studies have shown that it is possible to
dissolve PTFE and its copolymers in many halogenated
solvents including tertiary perfluoroamines, perfluori-
nated olefins, perfluorokerosenes, perfluorinated oils,
and poly(hexafluoropropylene oxide) oligomers.134 Most
of these studies are performed at temperatures near the
melting point of PTFE, Tmeir ~330 °C, and at atmo-
spheric pressure since solid PTFE remains essentially
insoluble in these solvents until it melts. Tuminello et
al.> demonstrate that low-boiling halocarbons, nonsol-
vents for PTFE at atmospheric pressure, dissolve PTFE
at elevated pressures, and they suggest that, for these
particular halocarbons, solvent density controls solubil-
ity once the PTFE melts. A linear relationship exists
between the critical temperature of these low-boiling
halocarbons and the cloud-point pressures for their
respective PTFE—solvent mixtures. In turn, for two
mixtures at the same temperature, a lower pressure is
needed to dissolve the PTFE—solvent mixture contain-
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ing the solvent with a higher critical temperature since
less pressure is required to densify this less-volatile
halocarbon.

Recently, Tuminello, Dee, and McHugh® presented
experimental evidence that carbon dioxide (CO;) can
dissolve a fluorinated copolymer at high temperatures
and high pressures, although only a limited experimen-
tal study was performed. DeSimone has reported on
the homogeneous solution polymerization of fluoropoly-
mers in supercritical carbon dioxide but has limited the
application to amorphous fluoropolymers.” The purpose
of the present article is to further explore the possibility
of using low molecular weight, supercritical fluid (SCF)
solvents, such as COy, to dissolve a single, high-melting,
crystalline fluorinated copolymer, poly(tetrafluoroeth-
ylene-c0-19.3 mol % hexafluoropropylene) (FEP1g). The
hexafluoropropylene comonomer in FEP1g disrupts the
stereoregularity of the copolymer, which reduces crys-
tallinity and lowers the peak melting point from 327
°C for highly crystalline PTFE to 147 °C for FEP9. At
the high pressures utilized in this study, crystalline
FEP19 is expected to melt at temperatures much greater
than 147 °C due to hydrostatic pressure which is
expected to increase the melting temperature at a rate
of ~1.0 °C/10 bar, the rate observed for PTFE.6#8
Dispersion-type forces are expected to be the dominant
type of intermolecular force of attraction between seg-
ments of FEPi9 given that the hexafluoropropylene
incorporated into the copolymer backbone exhibits
characteristics of nonpolar perfluoropropane. FEPig has
a weight-average molecular weight of ~210 000° and is
end-capped with carboxylic acid groups which amount
to approximately 1000 mass-ppm acid groups. Although
Radosz and Gregg show that terminal acid groups can
have a large impact on the phase behavior
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Table 1. Physical Properties of the Solvents Used in This Studya11-14

critical temp critical pressure critical density acentric polarizability dipole moment
solvent mol wt (°C) (bar) (g/cm3) factor (cm3 x 10725) (Debye)
CF4 88.0 —45.6 37.4 0.630 0.177 28.6 0.0
CoFs 138.0 19.7 29.8 0.622 0.244 47.6 0.0
CsFg 188.0 71.9 26.8 0.627 0.325 66.7 0.0
CsFe 150.0 94.0 29.0 0.510 0.191 60.4 0.4
CCIF3 104.5 28.8 38.7 0.579 0.198 45.8 0.5
CO; 44.0 31.0 73.8 0.469 0.225 26.5 0.0
SFe 146.1 455 37.6 0.735 0.286 54.6 0.0

a The acentric factors for C,Fs and C3Fg were calculated using the correlation of Pitzer. The polarizabilities of the halogenated solvents
were calculated using the method of Miller and Savchik.1®> The dipole moments of CsFs and C3Fg are assumed to be equal to those of
propane and propylene, respectively. CO, also possesses a quadrupole moment of —4.3 x 10726 erg/2-.cm>2 and C,F possesses a quadrupole

moment of —0.65 x 10726 ergl/2.cm>?2,

of nonpolar polymers,° the polymers that they consid-
ered had molecular weights only in the range of 10 000.
In the present study, the molecular weight of FEPg is
in excess of 100 000 and, therefore, the small concentra-
tion of oligomer acid ends are expected to only mildly
influence the phase behavior.

Table 1 lists the properties of the three classes of
supercritical fluid (SCF) solvents chosen for this study.
The cloud-point behavior of FEP1g is measured in three
nonpolar perfluoroalkanes, tetrafluoromethane (CFy),
hexafluoroethane (C,Fg), and octafluoropropane (CsFs);
in two polar halocarbons, hexafluoropropylene (CsFg)
and chlorotrifluoromethane (CCIF3); and in carbon
dioxide (CO,) and sulfur hexafluoride (SF¢). Since the
dissolution behavior of PTFE was found to resemble
that of polyethylene (PE),! the cloud-point behavior of
FEP19 in the saturated perfluoroalkanes is expected to
parallel that found for PE in normal alkanes, where
cloud-point pressures decrease with increasing molec-
ular weight of the alkane.16718 Since the experimental
apparatus used in this study is capable of operating to
kilobar pressures, CF, can be used as the base-case
perfluoroalkane since it has the lowest molecular weight,
polarizability, and critical temperature of the perfluo-
roalkane family. Relative to CF,4, the next simplest
perfluoroalkane, C,Fs, has an increased molecular
weight, polarizability, and critical temperature which
means that lower pressures are needed to densify C,Fg
and that stronger favorable interactions are expected
between C,Fs and nonpolar FEP19. Likewise, the trend
to lower solution pressures and stronger interactions is
expected to continue with CzFg. The impact of a small
solvent dipole moment on the cloud-point behavior of
FEPy9 is ascertained by comparing the phase behavior
of FEP19 in CsFe with that in CsFg, which has a
polarizability similar to that of CsFs. Likewise, the
phase behavior of FEP1g in CCIF3 is compared to that
in C,Fg, which possesses a polarizability similar to that
of CCIF;. CO; and SF¢ are also used in this study as
these two SCF solvents have experienced recent scru-
tiny as environmentally acceptable process solvents. The
impact of the quadrupole of CO; is investigated with a
comparison of the phase behavior of FEP;9 in CF4 with
that in CO; since both of these solvents have essentially
the same polarizability, even though their critical tem-
peratures differ by over 80 °C. SFg is a large, totally
fluorinated solvent with a modest critical temperature
as well as a large polarizability which suggests that SFg
will be an adequate solvent for FEPq.

Experimental Section

Experimental cloud-point data are obtained by using two
distinct high-pressure, variable-volume view cells. Both cells
are constructed of Nitronic 50, a high-strength nickel alloy,
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Figure 1. Schematic diagram of the high-temperature cell
used to obtain cloud-point data in this study.

and are capable of operating to 2750 bar. One of the high-
pressure cells, described in detail elsewhere,’® employs a
movable piston with elastomeric O-rings to vary the system
pressure. However, the operation of this cell is limited to
temperatures slightly in excess of 200 °C due to thermal
degradation of the O-rings. Figure 1 shows a schematic
diagram of the other high-pressure cell, based on the designs
of Buback and Franck,?® which can operate to temperatures
as high as 350 °C since the O-ring seals are replaced with
metal cone-and-plug end-cap seals, a Poulter window seal, and
a metal bellows. The high-pressure, high-temperature cell
(6.35 cm o.d. x 1.03 cm i.d. and ~10 cm?® working volume)
utilizes a 0.95 cm o.d. stainless steel bellows (Standard Bellows
Co.) and a 1.59 cm o0.d. x 1.27 cm thick sapphire window. The
experimental setup and techniques are similar for the two
cells.

While being maintained at room temperature, the cell is
purged first with nitrogen at pressures of 30—50 bar and then
with the solvent of interest at 3—6 bar to remove any
entrapped air. Approximately (8—16) + 0.002 g of solvent is
transferred into the cell, that had been previously loaded with
(0.3—-0.7) + 0.002 g of solid copolymer, depending on the
desired weight fraction of polymer in solution. The system
pressure is measured to within £2.8 bar and the system
temperature is measured to within +0.2 deg, but is maintained
to within +0.2 deg below 200 °C and +0.4 deg above 200 °C.
The cloud-point pressure is defined as the point at which the
solution becomes so opaque that it is no longer possible to see
the stir bar in solution. The results obtained with this
definition of the cloud point have been compared in our
laboratories with results obtained using a laser light setup
where the cloud point is defined as the condition of 90% drop
off in light transmitted through the solution. The cloud points
obtained by both methods gave identical results within the
reproducibility of the data. Cloud-point measurements are
repeated at least twice at each temperature and are typically
reproducible to within £5 bar. The lowest temperature of the
cloud-point curves is either the highest operating pressure of
the experimental apparatus or the crystallization boundary,
whichever comes first.

Materials. FEP1o, hexafluoropropylene, and octafluoropro-
pane were kindly donated by The DuPont Co. More detailed
information on the characteristics of FEPig are given by
Tuminello,® where FEPyy is designated LMFEP-2. The HFP
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Figure 2. Effect of poly(tetrafluoroethylene-co-19.3 mol %
hexafluoropropylene) (FEP1g) concentration on the location of
the cloud-point curves in CF, with the crystallization boundary
denoted by the dashed line.

content (19.3 mol %) was determined spectroscopically and the
weight-average molecular weight (210 000) was calculated
from low strain rate melt viscosity. Carbon dioxide (Bone Dry
grade, 99.8% minimum purity) was obtained from Airgas Inc.
CCIF;, CF4, CoFg, and SFs (all CP grade, 99.0% minimum
purity) were obtained from MG Industries. All of the solvents
were used as-received.

Results and Discussion

For many of the arguments invoked to explain the
data in this study, it is necessary to have an estimate
of solvent density at the cloud-point conditions. The
Peng—Robinson equation of state?! is used to calculate
the densities of the SCF solvents at the elevated
temperatures and pressures used in this study. The
cloud-point data of FEP,g in the supercritical fluorocar-
bons are presented first, followed by the data for the
FEPi9—nonfluorocarbon solvent systems.

Figure 2 shows the effect of FEP19 concentration on
the cloud-point behavior in CF,4, the simplest fluoroal-
kane investigated in this study. The locations of the
cloud-point curves are insensitive to FEP19 concentra-
tion in the range of 2—10 wt %; however, the cloud-point
curve for 17.3 wt % FEP19 is at lower pressures than
the other three curves. The effect of FEP19 concentra-
tion shown in Figure 2 is consistent with behavior
exhibited by hydrocarbon polymer—hydrocarbon solvent
systems.?22 Although CF4 is a nonpolar fluoroalkane
that has properties similar to those of a repeat unit of
FEP19, CF4 has a small polarizability which makes it a
very feeble SCF solvent. Given that its critical tem-
perature of —45.6 °C is very low, CF4 becomes a highly
expanded SCF solvent in the temperature range 180—
260 °C, as shown in Figure 2. Thus, very high pressures
are needed to obtain sufficient solvent density for CF4
to solubilize FEP1,.

Note that the crystallization boundary of FEP19in CF4
occurs at approximately 189 °C at pressures of ~2000
bar compared to a peak melting temperature of 147 °C
at atmospheric pressure for pure FEP19. At tempera-
tures below ~189 °C, solid polymer is observed in
solution and it is impossible to obtain a single phase,
regardless of pressure. At a starting temperature of 185
°C and a constant pressure of ~2000 bar, the temper-
ature must be increased by ~25 deg in approximately
10 min to obtain a clear, single phase. The magnitude
of this temperature overshoot is similar to the super-
cooling found for PTFE in non-SCF fluorocarbon sol-
vents. In the presence of solvent at high pressures
there are two competing effects that fix the location of
the crystallization boundary. One is hydrostatic pres-
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Figure 3. Pressure—composition isotherms for poly(tetrafluo-
roethylene-co-19.3 mol % hexafluoropropylene) (FEP1o) in CF,.
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Figure 4. Effect of poly(tetrafluoroethylene-co-19.3 mol %
hexafluoropropylene) (FEP19) concentration on the location of
the cloud-point curves in C;Fs with the crystallization bound-
ary denoted by the dashed line.

sure that increases the melting temperature at a rate
of ~1.0 deg/10 bar, which is the rate observed for
PTFE.58 The other effect is the melting point depres-
sion of FEP;9 that results from the solubility of CF4 in
the FEPio-rich liquid phase. Thus, while 2000 bar of
hydrostatic pressure raises the melting point of pure
FEPo from 147 to ~347 °C, the presence of CF4 in the
FEPio-rich liquid phase reduces the temperature of
crystallization to ~189 °C at the same pressure.

The data in Figure 2 are replotted as pressure—
composition (P—x) isotherms in Figure 3. The maxi-
mum of these isotherms appears near 2 wt % FEPg
although the isotherms are reasonably flat at concen-
trations between 2 and 10 wt % FEPi9. The trends
exhibited in the P—x isotherms are also apparent for
all of the other FEP19—solvent systems considered in
this study. Therefore, only pressure—temperature cloud-
point curves are reported for the other six SCF solvents.

Figure 4 shows the effect of FEP19 concentration on
the cloud-point behavior in the next larger fluoroalkane,
C,F¢. These curves follow many of the trends exhibited
by the FEP19—CF,4 system. Cloud-point pressures are
virtually indistinguishable for FEP19 concentrations in
the range of 2—9 wt % over the temperature range 170—
245 °C. However, cloud-point pressures of FEP1g in
C,F¢ are 700 to 1000 bar lower than those of FEPg in
CF4. While CF4 has a higher molar density than C,Fg
at the same temperature at their respective cloud-point
pressures, the large decrease in cloud-point pressure is
attributed to the higher polarizability of CoFs compared
to CF4. Thus, favorable dispersion forces must domi-
nate density effects in this case, making C,Fs the better
solvent of the two. Also note that the crystallization
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Figure 5. Comparison of the cloud-point curves of ~5 wt %
poly(tetrafluoroethylene-co-19.3 mol % hexafluoropropylene)
in CF4, CyFs, and CsFg with the crystallization boundary
denoted by the dashed line.
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Figure 6. Effect of poly(tetrafluoroethylene-co-19.3 mol %
hexafluoropropylene) (FEP1g) concentration on the location of
the cloud-point curves in CsFs with the crystallization bound-
ary denoted by the dashed line.

boundary in C,Fs is ~20 deg lower than in CF4 due to
the lower cloud-point pressures in CoFg and to the likely
higher solubility of C,F¢ in the FEP19-rich liquid phase.

Figure 5 compares cloud-point curves of 5 wt % FEP1g
in CF4, CyFg, and CsFg. CsFg has a greater solvent
power for FEP19 than the other two perfluoroalkanes
due to its larger polarizability, despite CsFg having a
lower molar density at the same temperatures at their
respective cloud-point pressures. Once again, the favor-
able dispersion forces dominate density effects, making
CsF3g an even better solvent for FEP19. The difference
between the cloud-point pressures in CzFg compared to
CoFs is only 300 bar, whereas the difference in C,Fg
relative to CF,4 is ~1000 bar. The trend of decreasing
cloud-point pressure differences with increasing solvent
carbon number is similar to that exhibited by polyeth-
ylene—normal alkane mixtures.1618 The crystallization
boundary for the CsFg system occurs at ~158 °C, which
is ~10 deg lower than that of the C,F¢ system and ~33
deg lower than that of the CF, system. In fact, the high
solubility of C3Fg in the FEP1g-rich liquid phase, which
is implied by the low cloud-point pressures relative to
that of the other two fluoroalkanes, virtually offsets the
expected 50 deg increase in freezing point of FEP19 due
to hydrostatic pressure alone.

Dipolar forces are expected to have a strong influence
on the pressures and temperatures needed to dissolve
nonpolar FEP19. Figure 6 shows the effect of FEP9
concentration on the cloud-point behavior in CsFg, the
polar analog of CsFg. As the concentration of FEP;g
increases above ~7 wt %, the cloud-point curves once
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Figure 7. Comparison of the cloud-point curves of ~5 wt %
poly(tetrafluoroethylene-co-19.3 mol % hexafluoropropylene)
in C3Fs and C3Fs with the crystallization boundary denoted
by the dashed line.
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Figure 8. Effect of poly(tetrafluoroethylene-co-19.3 mol %
hexafluoropropylene) (FEP19) concentration on the location of
the cloud-point curves in CCIF; with the crystallization
boundary denoted by the dashed line.

again appear at progressively lower pressures. Figure
7 compares the cloud-point curve for 5 wt % FEP39 in
nonpolar CsFs to the curve in slightly polar CsFs. The
cloud-point curve for the C3Fg system is ~150 bar lower
in pressure at temperatures near 150 °C and ~75 bar
lower in pressure at temperatures greater than 190 °C.
Also, the crystallization boundary is ~10 deg lower in
the slightly polar solvent than in the nonpolar solvent.
Both the lower pressures and lower crystallization
temperature imply that the slightly polar CsF¢ is a
better solvent for nonpolar FEP1g than is nonpolar CsFg
which is the opposite trend exhibited by nonpolar
polyethylene in propylene and propane.’® The dipole
moment of CszFg is expected to enhance CsFg—CsFg
intermolecular interactions relative to CszF¢—FEP19
interactions, which should make CsFs a worse solvent
for FEP19 compared to C3Fg. One possible explanation
for this discrepancy is that CsFg has a slightly higher
critical temperature than CsFg which implies that less
pressure is required to obtain high densities with CsFs.
In fact, at the same temperatures at their respective
cloud-point pressures, the molar densities of these two
solvents are virtually identical.

The impact of a dipole moment is investigated further
by determining the phase behavior of FEP1g in CCIF3.
Figure 8 shows that the FEP;9 concentration, in the
range of 2—9 wt %, has little effect on the location of
the cloud-point curve in CCIF;. The cloud-point pres-
sures of FEP1g in slightly polar CsFs and CCIF; are
actually quite similar to those in nonpolar CsFs at
comparable temperatures since the magnitude of the
dipole moments of the two polar solvents are much less
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Figure 9. Comparison of the cloud-point curves of ~5 wt %
poly(tetrafluoroethylene-co-19.3 mol % hexafluoropropylene)
in CF4, CoF6, and CCIF; with the crystallization boundary
denoted by the dashed line.
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Figure 10. Effect of poly(tetrafluoroethylene-co-19.3 mol %
hexafluoropropylene) (FEP19) concentration on the location of
the cloud-point curves in SF¢ with the crystallization boundary
denoted by the dashed line.

than 1 Debye and the effectiveness of these polar
moments scales inversely with the square root of the
molar volume.'* FEP19 in CCIF;3 has slightly higher
cloud-point pressures than that in CsFg and C3Fg due
to the smaller polarizability of CCIF;. Figure 9 com-
pares the cloud-point behavior of FEP9 in CF4, CoFs,
and CCIF3;. The large decrease in cloud-point pressures
of ~1300 bar for the CCIF; system relative to the CF4
system is a consequence of the larger polarizability of
CCIF3, despite CCIF3; having a smaller molar density
than CF, at the same temperatures at their cloud-point
pressures. On the other hand, the cloud-point pressures
for the CCIF3; system are lower than those for the C;Fg
system even though both of these solvents have es-
sentially the same polarizability. In this case, CCIF;
has a slightly higher critical temperature compared to
C,Fe, 28.8 °C vs 19.7 °C, which implies that CCIF3 is
easier to densify. Also, the crystallization temperature
of the CCIF; system, ~138 °C, is 30 deg lower than that
of the C,F¢ system. The difference in the solubility
behavior of the CCIF; and C,Fs systems may be a
density effect.

Sulfur hexafluoride is an interesting solvent for FEP1g
since it has a modest critical temperature and it is
nonpolar with a polarizability that is greater than that
of C,Fe¢. Figure 10 shows that there is little difference
in the location of the SFs—FEP;¢ cloud-point curves at
FEP19 concentrations in the range 2—10 wt %. Figure
11 compares the cloud-point behavior of FEP;g in CsFg,
CCIF3, and SFs. The pressures needed to obtain a single
phase are lower in SFg except at temperatures greater
than 200 °C where cloud-point pressures are lowest for
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Figure 11. Comparison of the cloud-point curves of ~5 wt %
poly(tetrafluoroethylene-co-19.3 mol % hexafluoropropylene)
in CCIF;, CsFg, and SFg with the crystallization boundary
denoted by the dashed line.
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Figure 12. Effect of poly(tetrafluoroethylene-co-19.3 mol %
hexafluoropropylene) (FEP1g) concentration on the location of
the cloud-point curve in CO..

the C3Fg—FEP;9 system. The cloud-point curve of the
SFe system is closest to, but, generally at lower pres-
sures than, the CsFg system. Also, the crystallization
boundary in SF¢ is ~30 deg lower than that in CsFs.
Although SF¢ has a smaller polarizability than CsFsg, it
is a better solvent for FEP1g since the calculated molar
density of SFg is approximately 25% greater than that
of CsFg at the same temperature and at their respective
cloud-point pressures. Compared to CCIF3, SF¢ has a
higher polarizability and critical temperature but a
lower calculated molar density at cloud-point conditions
that is only 85% of that of CCIF3. Nevertheless, SFs is
a better solvent for FEP19 due to the favorable disper-
sion forces between nonpolar SFs and FEP19 which
overpowers the effect of density.

Carbon dioxide is perhaps the most highly touted SCF
solvent due to its modest critical temperature, its
acceptability and use in the pharmaceutical and food
industries, and its so-called environmentally benign
characteristics.2* Figure 12 shows that CO, is a rather
feeble solvent for FEP;g since pressures in the range of
1000 bar are needed to obtain a single phase. As with
the other FEP19—solvent mixtures, an FEP19 concentra-
tion in the range 2—9 wt % has little effect on the
location of the cloud-point curve in CO,. Notice, how-
ever, that the CO; cloud-point curve does not intersect
a crystallization boundary at low temperatures as did
the other FEPi9—solvent systems. Instead, the CO;
cloud-point curve exhibits a steep slope with decreasing
temperature near 185 °C. The shape of the FEP19—CO
cloud-point curve is similar to that found for other
polymer—solvent mixtures comprised of a nonpolar
component with a polar component,182526 which sug-
gests that the quadrupole of CO, reduces its solvent
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Figure 13. Comparison of the cloud-point curves of ~5 wt %

poly(tetrafluoroethylene-co-19.3 mol % hexafluoropropylene)

in CF,;, CO;, and CCIF; with the crystallization boundary
denoted by the dashed line.

power for the nonpolar copolymer as the temperature
is lowered.

To interpret why carbon dioxide behaves differently
than the other SCF solvents, it is instructive to compare
the characteristics of the cloud-point curve for FEP;g
in CO; to that in CF4 which is nonpolar and has a
polarizability close to that of CO,, and to that in CCIF3,
which has a small dipole moment and a slightly larger
polarizability. Figure 13 shows that the cloud-point
curves for the CO, and CF,4 systems almost intersect
near 2000 bar and 185 °C where FEP,9 solidifies in CF4
but does not solidify in CO,. At 2000 bar and 185 °C,
two liquid phases are observed for the FEP19—CO;
system and an increase of only ~2 deg is needed to
obtain a single phase. At this same condition, solid
polymer is observed in CF4 and an increase of ~25 deg
is required to obtain a single phase. At temperatures
greater than 185 °C, where CO,—CO, quadrupolar
interactions are reduced,'* less pressure is required to
dissolve FEP1g in CO; since the calculated molar density
of CO; is much greater than that of CF, at the same
temperature and pressure. As the temperature is
lowered below 185 °C, CO; exhibits enhanced self-
interactions, due to its quadrupole moment, that out-
weigh cross-interactions between FEP19 and CO». Itis
in this temperature range that increased pressure does
not help dissolve nonpolar FEP;9 in polar CO,. It is
interesting that even though CCIF; has a small dipole
moment, the FEP19—CCIF3 cloud-point curve does not
exhibit an extreme negative slope before terminating
at a crystallization boundary. It is important to recog-
nize that the impact of the dipole moment and the
guadrupole moments scale differently with molar vol-
ume.?” The dipole moment scales inversely with the
square root of the molar volume whereas the quadrupole
moment scales inversely with the molar volume to the
5/6 power. At temperatures greater than ~190 °C and
at the respective cloud-point pressures, the reduced
guadrupole moment of CO; is approximately 3 times
larger than the reduced dipole moment of CCIF3 which
indicates that CO, is the more polar SCF solvent.
Nevertheless, it is surprising that the quadrupolar
nature of CO; becomes an important consideration at
such high operating temperatures.

Excepting the case with CO; at temperatures below
185 °C, the locations of the cloud-point curves appear
to correlate well with solvent density and polarizability.
Johnston et al. suggest that solvent density, pi, or
solvent polarizability, a;, alone is not a reliable indicator
of solvent strength.?® Rather, they suggest that polar-
izability times molar density, piai, is a better indicator
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Table 2. Characteristic Pure-Component Parameters for
the Solvents and Polymer of Interest for Use with the
Sanchez—Lacombe Equation of State

component T (K) P* (bar) o* (g/lcm?)
CF4 216.3 3134 2.0443
C2Fs 276.8 2761 2.0681
CsFs 306.1 2767 2.1363
CCIF3 303.8 3179 1.943
CO3 305.0 5745 1.510
SFs 336.4 2497 2.2901
PTFE 641.0 2771 2.134

of solvent strength. The average of pjq; is 5.12 x 1072
mol +7% for the SCF solvents considered in this study
calculated at 200 °C and at the respective cloud-point
pressures. At 170 °C and the respective cloud-point
pressures, pija; averages to 5.41 x 1072 mol +7% for
all of the solvents except CF4, and CO,. Given one set
of experimental data, this simple measure of solvent
strength provides a means for estimating cloud-point
pressures for nonpolar polymers with nonpolar solvents,
or for polar solvents at very high temperatures where
polar interactions are diminished. Unfortunately, this
density—polarizability correlation tool does not predict
when crystallization may occur or when polar interac-
tions will dictate the phase behavior as observed for CO,
at temperatures below 185 °C. Similar results are
expected if solubility parameters are used instead of the
density—polarizability approach.

Modeling. The Sanchez—Lacombe (SL) equation of
state?® is used to model the FEP19—SCF solvent phase
behavior presented in this study; the necessary equa-
tions are presented in detail elsewhere.l® The objective
of the modeling is to determine whether the SL equation
of state, with a minimum number of fitted parameters,
can distinguish the difference between the capabilities
of the solvents used in this study. Since the majority
of the systems investigated here are composed of a
nonpolar or slightly polar solvent in solution with a
nonpolar copolymer, reasonable results are expected
with the SL equation, especially if the mixture param-
eters are allowed to vary slightly with temperature.

Table 2 lists the three characteristic, pure component
parameters, T*, P*, and p*, obtained from a fit of the
SL equation to the vapor pressure curve and to satu-
rated liquid densities for CF4, CyFg, C3Fg, CCIF3, CO,,
and SFs. The parameters are fit to a minimum of five
vapor pressure and liquid density data points!213.30.31
to within 50 deg of the critical temperature for each
solvent. The calculated critical temperatures for these
solvents are ~4% too high; the calculated critical
pressures are ~13% too high for CF,4, C,Fg, CsFg, and
CCIF3, and they are ~22% too high for CO, and SFg;
the calculated liquid densities are typically 20% too low
for all of these solvents. A better fit of the liquid
densities could be obtained at the price of a worse fit of
the critical temperature and pressure. The FEP19—Cg3F¢
system was not modeled since experimental pure com-
ponent data are not available for CsFs. Also, since
experimental pure component data are not available for
FEP,9, the characteristic parameters for PTFE are used
for the calculations presented here.5

Mixing rules are needed to calculate the close-packed
molar volume, viix, and the characteristic interaction
energy, eXix, of the mixture. The mixing rule for vix is

2 2
Vinix = Z Z(Pifﬂjvﬁ 1)
=1 =
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where ¢; and g; are volume fractions and the subscripts
i and j represent the two pure components. The cross
term, v§j, is the arithmetic mean of the two pure
component characteristic volumes,

V= S+ v — ) (2)

where z;j is a fitted mixture parameter. This parameter
accounts roughly for the free volume difference between
the solvent and FEP19. The mixing rule for ekix is

1
Hix = gr 2 2 PBERVE ©)
mix
where
e = ()1 — ky) @)

in which k;; is a mixture parameter that accounts for
specific binary interactions between components i and
j not accounted for by the simple geometric-mean
average of €f.

No attempt is made to determine the pressure—
temperature trace of the crystallization boundary. If
the polymer fractions were truly “monodisperse”, the
cloud point would be the intersection of the pressure—
composition (P—x) isotherm at an overall concentration
of 5 wt % polymer solution.32-3* Cloud points were
calculated at 5 wt % polymer in solution, neglecting the
molecular weight distribution of the copolymer. The
pressure—temperature trace of the cloud-point curve is
obtained by calculating P—x isotherms to temperatures
as low as the crystallization boundary. For the first set
of calculations, the mixture parameters k;j; and #;; were
each initially set to zero. However, in all cases, the
slopes of the calculated cloud-point curves were slightly
positive rather than slightly negative, as observed
experimentally, and the calculated cloud-point pressures
were as much as 1000 bar too high. For the nonpolar
copolymer—solvent mixtures considered in this study,
kij is not expected to be a function of temperature since
temperature-independent dispersion forces are the domi-
nant type of interaction in operation. The mixture
parameter, #j, which accounts for differences in the
close-packed volumes, is expected to vary with temper-
ature since the density of the solvent changes consider-
ably over the temperature ranges considered in this
study.

Since it was not possible to even qualitatively predict
FEPi9—solvent phase behavior with the Sanchez—
Lacombe equation of state, the cloud-point curves were
fit to determine whether there were any trends in the
values of kj; and »;; from one system to the next. The
first step was to obtain a value of kj; from the best fit of
the cloud-point pressure for each system at 190 °C with
nij equal to zero. The resulting kj's obtained in this
manner are shown in Figure 14. It is perhaps not too
surprising that there appears to be a strong correlation
between k;j and the product of the critical temperature
times the critical volume, except for SFs. At present
we have no reasonable explanation why SFg does not
follow the correlation given in Figure 14. For each
FEP19—solvent system a fixed value of kj; is used and
the cloud-point curve is fit by varying #;; with respect
to temperature. Figure 15 shows the variation of #;;
with temperature for all of the solvents considered here.
It should be noted that it was necessary to allow both
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Figure 16. Comparison of the calculated and experimental
cloud-point curves of ~5 wt % poly(tetrafluoroethylene-co-19.3
mol % hexafluoropropylene) in CCIF;, CsFs, and SFe.

kij and #;; to vary with temperature to obtain a fit of
the FEP15—CO,; system.

Figure 16 shows comparisons of calculated and ex-
perimental cloud-point curves for the CsFg, CCIF3, and
SF¢ systems which are representative of the calculated
results obtained with the other solvents. The SL
equation of state, with a temperature-dependent »;j, is
able to capture the general characteristics of the phase
behavior. However, the calculated curves diverge to
higher pressures compared to the data at temperatures
below 160 °C and above 230 °C. These results suggest
that a better fit of the data would be obtained if #;
varied nonlinearly with respect to temperature. Al-
though the Sanchez—Lacombe equation of state can
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capture the characteristics of the cloud-point behavior
observed in this study, it is not possible to a priori
predict the behavior. Further calculational studies are
in progress with the statistical associating fluid theory
to determine if this model has predictive capabilities for
the systems considered here.

Conclusions

The temperatures and pressures needed to dissolve
FEP19 in supercritical fluorocarbon solvents follows
many of the trends exhibited by the solubility behavior
of polyethylene in supercritical fluid hydrocarbon sol-
vents. With members of the fluoroalkane family, the
FEP19—fluoroalkane cloud-point pressure decreases sub-
stantially going from CF4 to C,Fg, and less so from C,Fg
to CsFs. The cloud-point pressures in slightly polar CsFg
and CCIF; are similar to those in nonpolar CsFg at
comparable temperatures since the magnitude of the
dipole moments of the two polar solvents are much less
than 1 Debye and the effectiveness of these polar
moments scale inversely with the square root of the
molar volume. SF; is perhaps the most effective SCF
solvent for FEP;¢ due to its large polarizability and high
density relative to the other SCF solvents considered
here.

Compared to the other SCF solvents, CO, was the
worst SCF solvent for FEP;¢ at temperatures less than
185 °C due to strong quadrupolar self-interactions of
CO relative to cross-interactions between FEP19 and
COs. The FEP19—CO; cloud-point curve exhibits a steep
increase in pressure near 185 °C, which means that
increasing CO, density does not help dissolve FEP;q.
The cloud-point behavior in CO; is attributed to the
large quadrupole moment of CO, which makes it a polar
solvent that is not effective at dissolving a nonpolar
copolymer.

Solvent density is not necessarily the defining criteria
when estimating whether a nonpolar polymer will dis-
solve in a supercritical fluid, especially in CO,. Johnston
et al. suggest that the polarizability per molar volume
is a better indicator of solvent strength than solvent
density or solvent polarizability alone.?® In fact, this
simple measure of solvent strength provides a means
for estimating cloud-point pressures for the perfluo-
ropolymer—SCF solvent systems in this study, although
the correlation does not predict when polar interactions
will dictate the phase behavior or when crystallization
may set in.

The Sanchez—Lacombe equation of state is capable
of predicting the phase behavior of the perfluorocopoly-
mer in nonpolar solvents if the mixture parameters are
allowed to vary with temperature. The dilemma with
this approach is that mixture data are needed to obtain
a reasonable estimate of the two mixture parameters,
nij and K. The cloud-point curves predicted by the
Sanchez—Lacombe equation of state deviate from ex-
perimental results at temperatures below 160 °C and
above 220 °C. In addition, the Sanchez—Lacombe
equation of state is only able to model the phase
behavior of the CO,—FEP;9 system if both mixture
parameters are allowed to vary with temperature.
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